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by 2D compared to 3D measurements, which could result 
in internal rotation of the femoral component even if the 
surgeon performs the bone cutting precisely. Regarding 
clinical relevance, first, this study confirmed the reliabil-
ity of 3D measurements. Second, it underscored the risk 
of internal rotation of the femoral component when using 
2D measurement, even with precise bone cutting technique. 
These results will help surgeons avoid malpositioning of 
the femoral component if 2D measurements are used for 
preoperative planning in TKA.
Level of evidence Prospective comparative study, 
Level Ш.
Keywords Total knee arthroplasty · Preoperative 
planning · Three-dimensional (3D) measurements · 
Rotational alignment · Osteoarthritis
Introduction
Total knee arthroplasty (TKA) has become one of the most 
successful orthopaedic procedures for providing pain relief 
and improving knee function, with reported survival rates 
of greater than 90 % after 15 years [17, 21]. The success of 
TKA depends on many factors, including prosthesis design 
[22], preoperative knee condition [16], surgical technique 
[18], and post-operative rehabilitation [24]. Of these, poor 
outcomes due to surgical technique are more easily con-
trolled and avoided than other factors. It is important to 
position the femoral and tibial components accurately and 
to balance the soft tissues. Malpositioning of the compo-
nents can lead to failure due to aseptic loosening, instabil-
ity, polyethylene wear [8, 15], and dislocation of the patella 
[1]. Many errors (involving preoperative planning, bone 
cutting, etc.) can cause component malpositioning. Precise 
Abstract 
Purpose The first purpose of this study was to compare 
the reproducibility of two-dimensional (2D) and three-
dimensional (3D) measurements for preoperative planning 
of the femoral side in total knee arthroplasty (TKA). The 
second purpose was to evaluate the factors affecting the dif-
ferences between the 2D and 3D measurements.
Methods Two-dimensional and 3D measurements for pre-
operative planning of the femoral side in TKA were evalu-
ated in 75 varus knees with osteoarthritis. The femoral val-
gus angle, defined as the angle between the mechanical and 
anatomical axes of the femur, and the clinical rotation angle 
and surgical rotation angle, defined by the angles between 
the posterior condylar line and the clinical or surgical tran-
sepicondylar axes, respectively, were analysed using 2D 
(radiographs and axial CT slices) and 3D (3D bone models 
reconstructed from CT images) measurements.
Results For all variables, 3D measurements were more 
reliable and reproducible than 2D measurements. The 
medians and ranges of the clinical rotation angle and sur-
gical rotation angle were 6.6° (−1.7° to 12.1°) and 2.3° 
(−2.5° to 8.6°) in 2D, and 7.1° (2.7° to 11.4°) and 3.0° 
(−2.0° to 7.5°) in 3D. Varus/valgus alteration of the CT 
scanning direction relative to the mechanical axis affected 
the difference in clinical rotation angles between 2D and 
3D measurements.
Conclusion Significantly, smaller values of the clinical 
rotation angle and surgical rotation angle were obtained 
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preoperative planning is the most fundamental factor in 
achieving optimal implant positioning.
Radiographs are usually used for preoperative planning 
in TKA. The mechanical and anatomical axes are deter-
mined using a full-length anteroposterior radiograph. Lat-
eral radiographs are used to define component sizes and 
the anatomical axis. Rotational alignment is determined 
by measuring the angle between the transepicondylar axis 
and the posterior condylar line as measured on computed 
tomography (CT) slices. These two-dimensional (2D) 
approaches are useful and do not require much time or spe-
cial techniques. However, measurements using radiographs 
are affected by limb position and deformities [9, 19] as well 
as radiograph magnification [4]. In addition, CT slices are 
affected by the orientation of the patient’s legs during the 
scan, and the width of the CT slices affects the determina-
tion of anatomical landmarks [6]. It would be very helpful to 
know what factors affect the errors in preoperative planning.
Three-dimensional (3D) analyses can enable more 
detailed preoperative planning using a bone model recon-
structed from CT scans. Some papers have reported post-
operative alignments determined using a 3D coordinate 
system [3, 6, 13]. The coordinate system of 3D measure-
ments is less influenced by leg position and scanning direc-
tion than that of 2D measurements [6]. For these reasons, 
3D evaluation appears to be superior to 2D evaluation. 
However, to our knowledge, few reports have compared 3D 
and 2D measurements in preoperative planning for TKA 
[25]. It is important to evaluate the accuracy of 3D and 2D 
evaluations in preoperative planning, and how this accuracy 
affects surgical technique. The aims of this study were to 
confirm whether 2D or 3D measurements were more reli-
able for preoperative planning of the femoral side in TKA 
and to identify the factors affecting the differences in these 
measurements. The hypothesis was that 3D measurements 
would be more reliable than 2D measurements and that pre-
operative knee condition and CT scanning direction would 
be the primary factors affecting the differences between 2D 
and 3D evaluations.
Materials and methods
Seventy-five varus knees with osteoarthritis were investi-
gated in 65 patients with a median age of 77 years (range, 
57–89) before primary TKA. Individuals with rheumatoid 
arthritis and those with a history of knee injuries or infec-
tions were excluded. Demographic data are presented in 
Table 1. The preoperative hip–knee–ankle angle (HKA) 
was measured as the angle between the mechanical axes 
of the femur and the tibia on full-length, weight-bearing 
anteroposterior radiographs using digital measurement 
software 2D template (Japan Medical Materials Corp., 
Osaka, Japan). Preoperative knee flexion and extension 
angles were measured using a goniometer. 
The following three angles were analysed using 2D 
and 3D measurements: (1) femoral valgus angle, the angle 
Table 1  Preoperative demographic data
a Varus alignment was defined as more than 180°
Median (range)
Number of knees 75
Age (years) 77 (57–89)
Sex (male/female) 14/61
Body mass index (kg/m2) 25.7 (17.7–37.9)
Hip–knee–ankle angle (°)a 191.0 (180.1–201.1)
Knee extension angle (°) −10 (−40 to 0)
Fig. 1  Femoral valgus angle is the angle between the femoral 
mechanical axis and the femoral anatomical axis. The anatomical axis 
of the femur was defined as the straight line between the centre of the 
femoral shaft located by bisecting the proximal and distal parts of the 
femur. The mechanical axis of the femur was taken as the straight line 
between the centre of the femoral head and the centre of the femoral 
intercondylar notch [14]
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between the mechanical and anatomical axes of the femur; 
(2) clinical rotation angle, the angle between the posterior 
condylar line and the clinical epicondylar axis (CEA); and 
(3) surgical rotation angle, the angle between the poste-
rior condylar line and the surgical epicondylar axis (SEA). 
Two-dimensional measurements were taken using the digi-
tal measurement software 2D template mentioned above. 
Full-length, weight-bearing anteroposterior radiographs 
were used to measure the femoral valgus angle (Fig. 1). 
CT slices were used to measure the clinical rotation angle 
and surgical rotation angle (Fig. 2). A 200-mm region of 
interest through the femoral head, and a 400-mm region of 
interest centred at the knee joint were scanned with a slice 
thickness of 2 mm. The scanning time was approximately 
10 s and the calculated radiation dose for the procedure was 
3.7 mSv [12].
Three-dimensional bone models were used for the 3D 
measurements. These models were reconstructed from 
CT data using MIMICS (Materialise, Leuven, Belgium). 
The bone models were imported into a computer-assisted 
design software program (Rhinoceros; Robert McNeel and 
Associates, Seattle, WA) in stereolithography format. The 
coordinate system was defined previously (Fig. 3) [11]. The 
centre of the hip was taken as a sphere fitted to the femo-
ral head. The CEA was defined as the line connecting the 
most prominent point of the lateral epicondyle and the most 
prominent point anterior to the medial sulcus of the medial 
epicondyle on the 3D bone model. The centre of the knee 
was identified as the midpoint of the CEA. The measure-
ment durations per knee were about 10 min for the 2D 
technique and about 30 min for the 3D technique.
The differences between the 2D and 3D measure-
ments were evaluated, and intra- and inter-observer reli-
abilities were assessed by intraclass correlation coefficients 
[ICC(1,1) and ICC(2,1), respectively] [26]. All measure-
ments were taken by two orthopaedic surgeons (SO and 
HN, each with more than 10 years of experience as ortho-
paedic surgeons) at an interval of more than 1 week. The 
data were blinded and included no patient information. 
The average errors between repeated 2D/3D measurements 
were 0.6°/0.1° for the femoral valgus angle, 0.4°/0.3° for 
the clinical rotation angle, and 0.5°/0.5° for the surgical 
rotation angle. We also evaluated whether preoperative fac-
tors [preoperative extension angle, HKA, body mass index 
(BMI), and CT scanning direction] affected the differences 
between the 2D and 3D measurements. Computer simula-
tion was used to examine the influences of CT scanning 
Fig. 2  Clinical rotation angle is the angle between the posterior con-
dylar line and the clinical epicondylar axis (CEA). The surgical rota-
tion angle is the angle between the posterior condylar line and the 
surgical epicondylar axis (SEA). The CEA was defined as the line 
connecting the most prominent points of the medial and lateral epi-
condyles of the femur. The SEA was defined as the line connecting 
the sulcus of the medial epicondyle and the most prominent point of 
the lateral epicondyle of the femur Fig. 3  Three-dimensional coordinates for 3D measurement: The cen-
tre of the hip was taken as a sphere fitted to the femoral head. The 
centre of the knee was identified as the mid-point of the CEA. The 
Z-axis of the knee (proximal–distal) was defined as the extension of 
the femoral mechanical axis that connected the centre of the knee and 
the centre of the hip. The plane normal to the Z-axis at the centre of 
the knee was defined as the X–Y plane. The X-axis (medial–lateral) 
was defined as the extension of the functional CEA, which was pro-
jected onto the X–Y plane perpendicular to the Z-axis. The Y-axis 
(anterior-posterior) was defined as the line normal to the coronal 
plane (X–Z plane) at the centre of the knee
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direction (Fig. 4). When the CT scanning direction was par-
allel to the femoral mechanical axis, the femur was consid-
ered to be in the neutral position. The CT scanning direc-
tion relative to the femoral mechanical axis was simulated 
for five different situations. The CT scanning direction was 
rotated by 10° about the X-axis (flexion/extension) or the 
Y-axis (varus/valgus) relative to the femoral mechanical 
axis. The value of 10° was chosen because the average 
preoperative varus deformity and flexion contracture were 
about 10°. The clinical rotation angle was measured on the 
CT slice plane perpendicular to the CT scanning direction 
for each situation (Fig. 4). This study was approved by the 
Institutional Review Board of Kyushu University (ID num-
ber of the approval: 25–74). Informed consent was obtained 
from all patients prior to their participation.
Statistical analysis
A power analysis was performed to estimate the required 
sample size. When the standard deviation was assumed 
to be 1.5°, the difference in measured angles among the 
groups was assumed to be 1°. To achieve 80 % power 
(a = 0.05), the estimated required sample size was 73 
knees. Single linear regression analysis was performed 
to investigate the association between the difference in 
2D and 3D measurements and the preoperative condition 
(extension angle, HKA, and BMI). Paired t tests were per-
formed to compare variables collected from different CT 
scanning directions. JMP® statistical software (version 9; 
SAS Institute, Inc., Cary, NC, USA) was used to analyse 
the data with the level of significance set at p < 0.05.
Results
The mean values of the ICCs and of the 2D and 3D meas-
urements are shown in Table 2. For all variables, the 3D 
measurements were more reliable compared to the 2D 
measurements. The 2D measurements of clinical rotation 
angle and surgical rotation angle were significantly smaller 
than those measured in 3D, both overall (Table 2) and in 
46 and 54 knees (of 75), respectively. The medians and 
ranges of the differences between the 2D and 3D measure-
ments were 0.3° (−3.9° to 3.3°) in femoral valgus angle, 
0.4° (−5.5° to 10.9°) in clinical rotation angle, and 0.9° 
(−6.0° to 5.3°) in surgical rotation angle. Of the clinical 
rotation angle and surgical rotation angle measurements, 
9 and 13 % differed by more than 3° between the 2D and 
3D measurements, respectively. None of the preoperative 
Fig. 4  Computer simulation of CT scanning direction: When the CT 
scanning direction was parallel to the femoral mechanical axis, the 
femur was considered to be in a neutral position. Five situations were 
simulated in the 3D coordinate system. The CT scanning direction 
was rotated 10° on the basis of the X-axis (flexion/extension) and the 
Y-axis (varus/valgus) relative to the femoral mechanical axis
Table 2  Comparison of 2D and 3D measurements
2D: two-dimensional; 3D: three-dimensional; ICC(1,1): inter-observer reliability; ICC(2,1): intra-observer reliability
The 2D values were smaller for the clinical rotation angle * p < 0.01 and the surgical rotation angle ‡ p < 0.01
2D measurements 3D measurements
Median (range) ICC(1,1) ICC(2,1) Median (range) ICC(1,1) ICC(2,1)
Femoral valgus angle (°) 7.0 (2.2–11.9) 0.83 0.90 6.8 (2.9–12.2) 0.99 0.99
Clinical rotation angle (°) 6.6 (−1.7 to 12.1)* 0.57 0.93 7.1 (2.7–11.4)* 0.93 0.97
Surgical rotation angle (°) 2.3 (−2.5 to 8.6)‡ 0.66 0.90 3.0 (−2.0 to 7.5)‡ 0.91 0.91
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conditions (extension angle, HKA, and BMI) correlated 
significantly with differences between the 2D and 3D 
measurements. Table 3 shows the clinical rotation angles in 
the 3D simulation of CT scanning direction. These angles 
were significantly larger in the varus scanning direction 
and smaller in the valgus position compared to the neu-
tral condition (varus: p < 0.01; valgus: p < 0.01) (Table 3), 
because the apparent size of the medial condyle of the 
femur changed in the plane perpendicular to the CT scan-
ning direction (Fig. 5).
Discussion
The most important finding of the present study was that 
the 3D measurements were more reproducible than the 
2D measurements, and the clinical rotation angle obtained 
from 2D measurements was significantly smaller than that 
from 3D measurements, which can result in internal rota-
tion of the femoral component. The true value of measure-
ments such as femoral valgus angle, clinical rotation angle, 
and surgical rotation angle can only be assessed using a 
special jig and/or navigation system during surgery. The 
lack of intraoperative values in this study may reduce its 
clinical relevance; however, our 3D measurements used the 
mechanical and transepicondylar axes, which are the base 
axes used to position the femoral component in TKA. Since 
CT slices are not perpendicular to the femoral mechanical 
axis, 2D measurements do not conform to the principles of 
TKA. Based on these points, we consider the coordinates 
of the 3D evaluations to more closely reflect the actual 
intraoperative situation.
In the present study, 3D measurements were very reli-
able. These results are consistent with those of Hirschmann 
et al. [6], who reported high intra-/inter-observer reliabili-
ties of 0.73/0.91 for femoral rotation and 0.97/0.97 for fem-
oral varus–valgus angles based on 3D measurements, but 
lower reliabilities for 2D measurements (0.60/0.29 for rota-
tion and 0.40/0.65 for varus–valgus angles). The primary 
reason for the lower reliability of 2D measurements in the 
axial plane was the difficulty in identifying bony landmarks 
in the same CT slice. With 3D measurements, observers 
can more easily and accurately locate the anatomical ref-
erence points on the bone surface [6]. Our study and that 
of Hirschmann et al. showed high accuracy and reliabil-
ity because we used coordinates based on the principles 
of TKA. The 3D system in this study appears superior to 
Table 3  Clinical rotation angle in the 3D simulation of CT scanning 
direction
* Clinical rotation angles were significantly larger in varus (p < 0.01) 
and smaller in valgus (p < 0.01) than in the neutral position
Clinical rotation  
angle (°)
Difference from neutral 
condition (°)
Median (range) Median (range)
Neutral 7.1° (2.7–11.4)
Flexion 10° 7.3° (2.5–11.4) 0.0° (−4.3 to 4.0)
Extension 10° 7.2° (−0.3 to 12.5) −0.1° (−6.3 to 3.2)
Varus 10° 8.8° (3.7–14.8) 1.7° (−2.1 to 5.1)*
Valgus 10° 6.0° (−1.1 to 10.5) −1.3° (−7.1 to 3.9)*
Fig. 5  Difference of clinical 
rotation angle from the 3D 
simulation: The 3D simulation 
showed significant differences 
in clinical rotation angles 
between varus/valgus scan-
ning directions and the neutral 
condition
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the 3D template systems based on CT images because the 
anatomical reference points can be identified more eas-
ily. We expect that this 3D coordinate system will provide 
new knowledge as future simulations are performed (for 
instance, involving surgical techniques with different com-
ponent positions and/or prostheses).
Two-dimensional measurements resulted in significantly 
smaller rotational factors (clinical rotation angle and surgi-
cal rotation angle) than 3D measurements. The mean dif-
ferences between the 2D and 3D measurements were small 
but the range was large (−5.5 to 10.9), and the differences 
between 2D and 3D measurements were over 3° in 9–13 % 
of our cases. This can result in component malalignment 
even if the surgeon cuts the bone precisely. The smaller 
clinical rotation angles and surgical rotation angles associ-
ated with 2D measurements pose a risk of internal rotation 
of the femoral component, which in turn may cause patel-
lofemoral complications, with internal rotation of more 
than 3° resulting in the need for secondary patellar resur-
facing [1, 2, 8]. Therefore, surgeons should be aware that 
2D measurements can cause unexpected internal malposi-
tioning of the femoral component.
The 3D simulation showed significant differences in 
clinical rotation angle when the scanning direction was 
changed in the varus/valgus direction relative to the femoral 
mechanical axis. The apparent size of the medial femoral 
condyle was smaller in the valgus scanning direction and 
larger in the varus scanning direction (Fig. 5). The CT slice 
plane tended to tilt depending on the CT scanning direc-
tion; in the valgus condition, the medial side tilted more 
proximally and the lateral side tilted more distally. Iwaki 
et al. [7] reported that in the normal knee the geometry of 
the femoral condyle tends to have a smaller radius through 
the posterior facet than through the anterior facet. In the 
present study, varus osteoarthritic knees showed a similar 
trend (Fig. 6). When the CT scanning direction was parallel 
to the anatomical axis of the femur, the scanning direction 
was in the valgus position relative to the mechanical axis 
of the femur because of the femur’s normally valgus anat-
omy. This is one of the reasons that the 2D measurements 
of clinical rotation angle and surgical rotation angle were 
smaller than the 3D measurements. In actual clinical situ-
ations, it is difficult to fit the CT scanning direction to the 
femoral mechanical axis, and the surgeon should be aware 
of this fact.
This study had several limitations. First, it included no 
valgus osteoarthritic knees. In valgus knees, the clinical 
rotation angle may be larger because of hypoplasia of the 
lateral condyle [10]. Our results may have been different if 
valgus knees were included, but it was important to stand-
ardise the sample using individuals with similar deformi-
ties, and most knees in our hospital had varus deformities. 
Second, only the femoral side was evaluated in this study. 
The definitions of the coordinates of the tibial side are still 
controversial, and methods of construction are less stand-
ardised than for the femoral side. The anatomical bony 
landmarks of the tibia are less distinct and are not as con-
sistently identifiable as those of the femur [5, 23]. When 
CT scans are oriented with the anatomical axis of the femur 
in osteoarthritic knees, the scanning direction can affect the 
tibial slice more easily because of the deformities. More 
research on the tibial side is needed in the future. Third, 
in this study, the 3D models were reconstructed from CT 
images. It would be better to use magnetic resonance imag-
ing (MRI), which takes cartilage thickness into account. 
However, MRI requires more advanced techniques and a 
longer time to reconstruct the 3D model. In addition, MRI 
is not as popular for preoperative planning as CT, and the 
usual preoperative situation was evaluated [20]. Fourth, 
post-operative data (alignment and implant sizing) were 
not included, which would have augmented our results. We 
believe that post-operative data should ideally be presented 
with the 3D measurements to permit the evaluation of the 
effect of 3D preoperative planning; however, no computer 
aided design models were available. Moreover, post-oper-
ative implant positioning and sizing were affected by intra-
operative factors such as cutting error and choices made 
by individual surgeons. Therefore, it may have been diffi-
cult to prove the effect of the preoperative planning in this 
study. Despite these limitations, our research demonstrated 
the accuracy of preoperative 3D measurements for TKA 
and also identified problems with the 2D measurements.
Fig. 6  Geometry of the medial condyle of the femur in varus osteo-
arthritic knees: The femoral condyle tended to have a smaller radius 
through the posterior facet than through the anterior facet
235Knee Surg Sports Traumatol Arthrosc (2016) 24:229–235 
1 3
Conclusion
Two-dimensional (radiographs and axial CT slices) and 3D 
(3D bone models reconstructed from CT images) measure-
ments for preoperative planning of the femoral side in TKA 
were evaluated in varus knees with osteoarthritis. The 3D 
measurements were more reliable and reproducible com-
pared to the 2D measurements. The scanning direction in 
varus/valgus orientation relative to the mechanical axis 
affected the difference in clinical rotation angle between 
the 2D and 3D measurements. The mean clinical rotation 
angle from 2D measurements was significantly smaller 
than that from 3D measurements. Regarding clinical rele-
vance, first, this study confirmed the reliability of 3D meas-
urements. Second, the risk of internal rotation of the femo-
ral component with 2D measurement was pointed out, even 
if the surgeon performs the bone cutting precisely. These 
results should help surgeons avoid malpositioning of the 
femoral component if 2D measurements are used for the 
preoperative planning in TKA.
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